The increasing number of distributed generation (DG) units in the distribution systems poses a challenge on protection systems in terms of coordination. In addition, the single characteristic based conventional protection causes an increase in the primary operation time of the relays due to the coordination between relay pairs. As a consequence, earlier studies investigated the utilization of non-standard characteristics and protection schemes in order to ease the insufficiencies of the standard approach. However, a commonly accepted protection approach that mitigates the effect of DG while providing lower primary operating time by levering the benefits of the non-standard protection strategy has not been developed so far. In order to overcome the aforementioned drawbacks of traditional protection, this paper firstly introduces a non-standard characteristic and then proffers an unconventional protection strategy, which utilizes a double characteristic.
Introduction

Motivation
Protection systems are responsible for detecting and clearing the faulty part of the power system and preventing the spread of fault to the rest of the system. As the thermal stress on power system equipment decreases with the response time of the protective equipment, the operation time is one of the vital issues in protection systems [1] . In addition, increase in reliability of protection systems is provided by coordination between primary and backup protective equipment, which is also referred to as protection coordination. However, coordination requirements increase the primary response time of protective equipment due to the nature of the traditional protection approach [2] .
In the same time, the growing share of distributed generation (DG) units in distribution systems jeopardizes the ability of protection systems to operate in a coordinated manner [3] . In general, distribution systems are operated radially for the ease of protection even if they are able to be managed in a ring topology. Thus, the traditional protection scheme is established by assuming the fault direction and magnitude is known prior to protection system design [4] . However, the connection of DG units to distribution systems contradicts established protection systems by causing bidirectional power flow in radial lines. In other words, DG units pose a threat to protection system in terms of protection coordination [5] .
Microprocessor-based overcurrent relays (OCRs) offer the potential to change the traditional protection approach. Furthermore, competitive cost and more reliable performance of microprocessor-based OCRs have increased their likelihood of being used as a substitute for electro-mechanical OCRs [6] . Moreover, achieving multiple protection functions as well as measurement and recording using one protective device is possible with microprocessor-based OCR due to their programmable nature [7] .
The aforementioned evidence suggests that the conventional protection scheme features deterioration of primary operating time as well as the risk of miscoordination under heavy DG penetration. Nevertheless, the drawbacks of the traditional protection scheme could be overcome by devising non-standard characteristics and by utilizing an unconventional protection scheme. Microprocessor-based OCRs, which allow application of non-standard approaches, are regarded as convenient tools to solve coordination problems due to the presence of DG units in distribution networks or to remove the primary operation time dependency on coordination. Moreover, utilizing relay characteristics that do not only operate based on the measured current but also the measured voltage can be realized by directional overcurrent relays (DOCRs) that are equipped with voltage transformers.
Relevant Literature
The effect of DG integration on protection systems attracted a considerable amount of attention during the last two decades. Several studies aimed to provide an adaptive protection scheme that is required a communication infrastructure [8, 9] while some of the papers suggested using an extra component, named fault current limiter, to eliminate the undesired effects of DG units [10] . In addition, a number of researchers proposed non-standard protection approaches in order to provide a reliable protection system even under heavy penetration of DG units. A current dependent characteristic was proposed in [11] for the protection of an industrial power system. Improvement of protection coordination quality was provided using a non-standard characteristic in this study; however, the effect of DG connection was not considered. Using a function of voltage value along with the IEC standard characteristic, a non-standard characteristic was devised in [12, 13] . Although the integration of DG was comprehensively addressed in this study, the primary operation time of the relay depended on the coordination since the relays were operated using one characteristic. Another non-standard characteristic was constructed using the admittance value in [14, 15] . An unconventional protection scheme also offered considering the integration of DG units to the distribution system. Nevertheless, optimal relay coordination was not addressed properly and the suggested approach was not tested using a naturally-meshed system despite the connection of DG into the system. In addition, an effort was devoted to using constants that are readily available in standard characteristic equations as variables in order to obtain non-standard characteristics [16] [17] [18] [19] [20] . By doing so, flexibility was introduced in the characteristics, nonetheless, the actual potential of microprocessor-based OCRs in terms of providing non-standard characteristics was not revealed. A logarithmic function based non-standard characteristic was proposed in [21] . The study showed that protection coordination could be achieved by utilizing a mathematical function, which is unfamiliar to protection literature. However, the recommended characteristic depended only on the fault current and was not tested considering the effect of DG integration. Another non-standard approach, in which a table contains fault current levels along with the corresponding operation time of the relays was presented in [22] . Using this approach, the primary operation time dependency on coordination was eliminated, but the effectiveness of the proposed approaches was not studied considering also the penetration of DG units.
Contributions and Organization of the Paper
A large number of studies have focused on protection coordination using non-standard characteristics, especially to deal with the integration of DG units. Overall, these studies indicated a link between the integration of DG units and protection schemes; however, a universally accepted non-standard protection strategy has not been provided in the literature. Aiming to contribute towards filling this gap of knowledge, this study features the following contributions:
• Devising a novel non-standard characteristic that depends on both current and voltage measurements during the fault in order to mitigate the effect of DG connection.
• Constructing a new protection scheme based on a double characteristic aiming to obtain a coordination-free primary operation time of the relays.
•
Providing comparative results between the proposed characteristic and the IEC normal standard characteristic taking into account the size and the location of DG units.
The remainder of the paper has been divided into four parts. Section 2 presents the proposed protection strategy and reviews the standard approach. Afterwards, the problem formulation and the optimization method used in the study are described in Section 3. Section 4 provides information related to the test system and reports the results. Finally, the paper concludes in Section 5.
Proposed Protection Approach
This section is devoted to presenting devised relay characteristic and proposed protection scheme. Before explaining the proposed approaches, the traditionally used standard relay characteristics, which are widely used in the protection systems, are briefly reminded. Then, the proposed characteristic equation is presented. Finally, an unconventional protection scheme based on the proposed characteristic is introduced.
Standard Characteristics
The protection of distribution systems requires the utilization of protective apparatus with inverse-time characteristic because distribution systems' feed loads that might draw currents higher than their nominal for a limited time as a characteristic of their operation. There are two common standard equations that are used to define the inverse-time characteristic of protective equipment, namely the IEC standard characteristic [23] , and the IEEE standard characteristic [24] . The standard characteristics are still widely used in operation of protection systems, although the programmable relays do not need to be confined in this respect. The characteristic equations presented in the IEC 60255 standard and in the IEEE C37.112-1996 standard are expressed by Equations (1) and (2), respectively:
In Equations (1) and (2), TDS is the time dial setting, A 1 , A 2 , B 1 , B 2 and C 2 are the constants, and M = I f /I p in which I p is the pickup current setting and I f is the fault current sensed by the relay. Equations (1) and (2) allow the user to provide coordination between the relays by adjusting two variables, i.e., TDS and I p . In addition, diverse standard characteristics can be obtained by selecting the constant values according to [23, 24] .
Devised Relay Characteristic
The effect of DG units in distribution systems is observed as a change in fault currents as well as an increase in bus voltages. The fault currents in power systems including DG units are fed not only from the grid but also from DG units. However, the protection coordination studies are conventionally carried out by neglecting DG fault contributions. As a consequence, in the protection systems coordinated using the traditional protection strategy, DG integration could result in coordination failures since the standard equations depend only on the fault current. In order to mitigate this effect and to provide a reliable operation for protection systems, a non-standard characteristic is developed, which is given by Equation (3). As can be seen in Equation (3), the devised equation includes not only measured current value, but also voltage value. The main difference between the proposed equation and the traditional equations (i.e., the IEC standard equation and the IEEE standard equation) can be stated as the voltage measurement. In addition, utilization of the logarithmic function for voltage measurement while preserving the inverse characteristic may also be listed as the difference from the traditional methods. For the sake of clarity, comparisons are made considering only the IEC standard characteristic in the rest of the paper. The reason for this is that the most commonly used relay characteristic is the IEC standard characteristic:
In Equation (3), asymptotic operation at I p current set point is assured by the denominator, where M = I f /I p . Furthermore, A, B, and C are considered as variables to be adjusted in order to achieve protection coordination. Since the DOCRs are capable of measuring the voltage, the equation also contains a parameter, namely V f ij , which is the per-unit voltage of the bus the relay is connected at. A is inserted in order to ensure a strictly positive input for the logarithmic function, which may be an issue for faults close to the relay since the measured voltage is zero. Figure 1 shows the proposed characteristic in comparison with the IEC normal inverse and the IEEE moderately inverse standard characteristics. It should be noted that the IEC normal inverse and the IEEE moderately inverse standard characteristics are plotted for TDS = 1, while the proposed characteristic is displayed for A = 1.1, B = 0.6, and C = 0.1 considering various voltage values in the range of 0 and 1 p.u. 
Proposed Coordination Scheme
In conventional protection applications, the operating time of the relays could increase towards the source because of the coordination time interval between the relays. In most of the cases, relays have to accomplish both primary and backup operation using the same pair of set values. Thus, adjusting a relay as backup protective equipment could deteriorate its operation time against faults occurring in its main protection zone. As a remedy to this situation, a double characteristic relay operation is propounded in this study. Figure 2 visualizes a simple radial line equipped with two relays, namely RL 1 and RL 2 . Considering this line, RL 2 is the primary relay and it should be operated at the least possible time in case of fault F2. Assuming that RL 2 is only responsible for the primary operation and is operated utilizing characteristics shown by K in Figure 3a , the operation time for F2 can be obtained as t R2F2 . However, considering the conventional protection case, it has to react also for F1 as a backup relay for RL 1 . As a consequence, RL 2 has to be operated in a coordinated manner with RL 1 according to the characteristics denoted by K in Figure 3a . In this case, set values of RL 2 are calculated taking into account the operation time of RL 1 for F1 (t R2F1 ) and coordination time interval (CTI). The new characteristic, K , leads to a higher operation time of RL 2 for F2, which is denoted by t R2F2 in Figure 3a . In order to deal with the aforementioned problem of conventional protection approach, a double characteristic protection scheme is developed based on the programmable attribute of digital relays considered in this study. The main aim of the recommended scheme is to operate the relays with two distinct characteristics for ensuring protection coordination. One of these characteristics is responsible for primary, while the other is responsible for backup operation. It should be noted that a critical fault current level is utilized in order to switch between the characteristics during operation. The designed protection scheme is sketched in Figure 3b . As seen, the relay uses two characteristics K and K . The relay RL 2 uses backup characteristic K for the operation against the faults lower than the predefined critical fault current (F c ) in order to be coordinated with RL 1 for F1, while primary characteristic is utilized for the faults higher than F c . It is worth underlining that F c may be considered as a range instead of an exact point so as to prevent non-selective operation due to changing fault currents during transients. 
Optimization of Protection Coordination
In this section, the formulation of the protection coordination problem and the considered cases are first described in detail. Then, the solution technique applied to solve the optimization problem is elaborated.
Problem Formulation and Evaluated Cases
In this study, the protection coordination problem is formulated as an optimization problem the objective of which is to minimize the total operating time of the relays in the system subject to CTI and relay settings constraints. The main aim of this problem is to find proper relay settings that decrease the operating time of primary and backup relays, for four types of faults, namely single-line-to-ground (SLG), double-line-to-ground (DLG), line-to-line (LL), and three phase faults. The objective function can be written as follows: ij express the primary and backup operating time of i th relay for fault type j, respectively.
In this paper, three cases are considered and depending on the cases, different constraints are utilized in the model. In Case 1, it is assumed that all the protective devices are equipped with the IEC standard characteristic. As a consequence, I p and TDS that are in the IEC standard equation considered as variables to be optimized. However, in Cases 2 and 3, the relays are assumed to utilize the proposed characteristic. Thus, A, B, and C are regarded as variables to adjust relay characteristics in these cases. The difference between Cases 2 and 3 is that each relay is operated using only one set of A, B, and C variables in Case 2, whereas each relay has two different sets of A, B, and C variables that are utilized separately for primary and backup operation in Case 3.
One of the vital parts of the optimization model of the protection coordination problem is the set of constraints. In this study, there are two common constraints considered for each case in the optimization problem. The first constraint, which enforces that the required time delay for the backup relay in order not to operate earlier than the primary relay for the fault j, is given by Equation (5). By doing so, the selective operation of protection system is ensured. In this constraint, t p ij denotes the primary operation time of i-th relay for fault type j, while t b r ij represents the backup operation time of r-th relay, which is in coordination with the i-th relay assigned to the same fault. It is noteworthy that the CTI value is taken as 0.3 s in this paper, in accordance with the general application in the literature. The second constraint, which ensures that pickup current setting (I p ) of i-th relay should be greater than the maximum value between the minimum allowed set value (I min p set i ) and the maximum load current value seen by relay (I max load i ), is given by (6) . At the same time, I p has to be lower than the minimum value between the maximum allowed set value (I max p set i ) and the minimum fault current seen by the relay (I min f ault i ). It is worth noting that the minimum and maximum values for I p set are taken as 0 and 5 for each relay, respectively:
In Case 1, bounds for TDS variable are provided by Equation (7). This is also the last constraint for the formulation of the problem in Case 1. The upper and lower bounds of TDS values are considered as 0.05 and 1, respectively:
Constraints ( (8)- (10)) are only taken into account for Cases 2 and 3. For these cases, three variables are also introduced in addition to I p , while TDS is neglected since it is not used in the proposed characteristic. Constraints ((8)-(10)) limit A, B, and C variables for each relay, respectively. By introducing these bounds for variables in the proposed equation, the problem formulation is completed for Case 2:
The formulation of the problem is modified by introducing three constraints so as to reflect operation of the double characteristic in Case 3. Constraints ( (11)- (13)) are used only for this case in order to provide limits to the decision variables that are used to adjust the second characteristic. It is worth noting that the second characteristic is assumed to be used for the backup operation. Additional bounds are as follows:
The limit values for the variables A, B, and C are determined using the lowest and the highest possible TDS limits of the IEC standard characteristic. In order to keep the proposed characteristic within roughly the same region as the IEC standard characteristic, the minimum values are taken as 1, 0 and 0 for A, B, and C, respectively, while the maximum values are taken as 1.25, 1, and 0.5.
Solution Method
The constructed optimization model of the protection coordination problem is solved using a genetic algorithm (GA) approach in this study. GA, which is one of the most popular population-based algorithms used in order to deal with nonlinear problems, is chosen as the solution method because of the nonlinear structure of both the IEC standard and the proposed equation. The GA is coded using MATLAB software (2017a, Mathworks, Natick, MA, USA). The GA involves selection, crossover, and mutation operators as well as fitness function [25] . The operators of GA are coded without any change except for the fitness function, which is modified in order to reflect the total operating time of the relays. Furthermore, chromosomes that constitute the population are encoded using binary-coding approach. It should be emphasized that in this study, GA is utilized instead of building a totally new computational method, and, therefore, proposing a new solution method is out of scope of this study.
In each of the three different cases that are considered in this study, a different chromosome structure is used because of the different number of variables involved. The chromosome structure used in Case 1 can be seen in Figure 4a . As shown in the Figure 4a , there are two different variables per relay and each chromosome carries information about 32 variables in total. For Case 2, the number of variables per relay increased to four and, therefore, a larger chromosome structure is used in this case. Figure 4b visualizes the utilized chromosome structure for Case 2. As it can be seen, one chromosome carries the data of 64 variables, which are used to adjust the proposed characteristic in an optimal way so as to ensure relay coordination. The chromosome structure for the final case is depicted in Figure 4c . In this case, the number of variables per relay is seven since a double characteristic is used; however, only 33 variables are added to the chromosome structure. The reason for this is that some relays are not assigned as backup relays and do not need a double characteristic. In this case, 11 relays should provide backup protection, which means each of these relays needs a second set of A, B, and C in order to construct a backup curve. It should also be underlined that the number of the I p variable does not change since both characteristics should behave asymptotically at the current set point and therefore only one I p variable per relay is utilized. It is worth emphasizing that subscript g denotes the total number of backup protection relays in Figure 4c .
The population size is determined using the ten times rule according to [26] . Thus, population sizes are selected as 10,000 for Case 1, and as 40,000 for Cases 2 and 3. In addition, the initial population is generated randomly in each simulation using an episodic approach in which values that violate defined ranges are eliminated during the population generation. Moreover, the probability of mutation is taken as 0.05. 
Results and Discussion
This section is devoted to presenting details of the test system under study, the considered scenarios, and simulation results.
Test System and Scenarios
The IEEE 14-bus system is used in order to test the proposed protection scheme. The single line diagram of the IEEE 14-bus system can be seen in Figure 5 [27] . The system consists of two parts that are operated at different voltage levels and that are connected via two 60-MVA 132-kV/33-kV transformers and one three winding transformer. Moreover, the power is supplied by two generators that are located on the HV side. Apart from these two generators, the system also includes three synchronous condensers that supply reactive power to the system. Figure 5 . The IEEE 14-Bus System under study [27] .
In this study, sixteen protection relays are assumed to be placed on the MV side of the system as shown in Figure 5 . The protection coordination studies are carried out considering that the faults occur at the mid-point of each line from L1 to L8. It is worth mentioning again that four different fault types, namely SLG, DLG, LL, and three-phase faults, are taken into account. Primary and backup relays were assigned to each fault except for the ones that require backup protection from outside of the MV system. For example, R12 is the primary relay while R10 is the backup relay for any possible fault on line L6. Similarly, on the other side of the line, R13 is assigned as the primary relay and is backed up by R15. However, R4 is operated as the backup for R2 in case of a fault on line L1 while R1 is the only relay that is responsible for the same fault. The reason for not assigning a backup relay on this occasion is that even if R5 and R16 are assigned as backup relays for R1 and they operated when R1 fails to operate, the fault current can still be supplied from bus 6. Thus, set parameters of R1 should be calculated not only considering R5 and R16 as backup relays but also the other protective equipment that are placed beyond bus 6.
Current transformers also play a critical role in the protection coordination studies. The ratios of current transformers used in this study are given in Table 1 [28] . It should be emphasized that some of the lower bounds of I p variables are taken as zero since DOCRs are utilized and, therefore, in particular scenarios, some of the relays do not sense any load current in directions which they are liable for. Fifteen scenarios are generated in order to observe the proposed protection approach under different DG penetration conditions in terms of size and location. Table 2 provides a synopsis of the constructed scenarios. For instance, a 3.3-MVA DG unit is connected to bus 10 in scenario 2. Furthermore, integrated DGs to the buses are regarded as having an identical size for scenarios 3, 4, 5, and 6, which is also denoted by "*" in the Table. It should be noted that all the DGs for every scenario are considered having synchronous generators that are capable of providing energy at 480 V level with a 9.67% transient reactance and that DGs transfer energy utilizing step-up transformers whose transient reactances are 5%. It is worth noting that all load flow and short circuit calculations are carried out by using DIgSILENT/PowerFactory software (15.2, DIgSILENT GmbH, Gomaringen, Germany) [29] . 
Results
The constructed optimization problem in Section 3 is solved by taking into account the IEC standard characteristic as well as the proposed characteristic. It should be noted that the IEC normal standard characteristic with A = 0.14 and B = 0.02 is used in order to carry out comparison studies. Table 3 encapsulates the calculated set values of directional OCRs using GA. In Table 3 , Case 1 presents the set values of A and B used in the IEC standard equation while Cases 2 and 3 give the set values of the proposed characteristic. It can be seen in Table 3 that none of the results violate the constraints. Table 4 summarizes the operation time of the each relay against each fault type considered in the study. For the sake of clarity, Table 4 presents only the results for Scenario 6. It is worth noticing that the results of proposed characteristic in Table 4 are obtained considering double characteristic operation (Case 3). The results of the total operation time of the relays for each scenario and each case considered in the study are presented in Table 5 . Moreover, percentage reductions in time for Cases 2 and 3 are also indicated in Table 5 by comparing both cases to Case 1. Table 4 . Operation time of the relays for single-phase-to-ground, double-phase-to-ground, phase-to-phase, and three-phase faults. 
Discussion
Considering the operation time of the relays presented individually in Table 4 , a decrease is achieved in each individual relay operation time for each fault type by using the proposed protection scheme while maintaining the proper CTI between every primary and backup relay pair. It can be seen in Table 5 that the lower total operation time of the relays can be obtained by utilizing the proposed characteristic in Cases 2 and 3 for each scenario with respect to Case 1. For instance, the operation time of the relays is decreased by 26.43% in Case 2 for scenario 6. Further reduction in operation time of the relays as 62.21% compared to Case 1 can also be provided by using the proposed protection scheme for the same scenario. A significant reduction in primary operation time of the relays is achieved by utilizing the double characteristic. For instance, in case of a fault in the line L4, the primary operation time of R7 is 0.70 s for conventional characteristic, while it is 0.01 s for the proposed characteristic. In addition, the results also show that DG affects the protection coordination, nonetheless, the relation between DG location, size, and the operation time of the relays cannot be clearly identified by the obtained results.
Conclusions
Considering the integration of distributed generation (DG) units to a meshed distribution system, this paper presents a non-standard relay characteristic that utilizes both current and voltage measurements, and a protection scheme in which relays are operated with the double characteristic consisting of distinct relay characteristics for primary and backup operation. In a classical protection approach, precaution options against the effect of DG are limited because the standard characteristic depends only on the current measurement. Thus, based on the programmable structure of digital relays, the propounded characteristic and protection scheme are devised as an alternative to the classical approach. The proposed method is tested by a simulation study in which connections of synchronous based DG units into a meshed distribution system are considered. The protection coordination problem is formulated as an optimization problem. In order to solve this problem, GA is executed after calculating the fault currents of single-line-to-ground, double-line-to-ground, line-to-line, and three-phase faults occurring in the middle of each line. The results reveal that the protection coordination is achieved by using the proposed protection scheme even for different locations and capacities of DG units. Apart from providing reliable protection, further enhancements in the total operation time of the relays can be provided by using both the proposed characteristic and protection scheme. It should be also noted that using a double characteristic for relays results in a higher decrease in total operation time of the relays. This study considers the construction of one single characteristic for all the fault types. Development of distinct characteristics for each type of fault for operating the relay in an adaptive way will be considered in a future study to be conducted by the authors.
Author Contributions: H.C.K. conceived and designed the simulation models in DIgSILENT/PowerFactory and coded the optimization algorithm in MATLAB; H.C.K. and H.A. performed the simulations in MATLAB; H.A. andİ.Ş. performed the simulations in DIgSILENT/PowerFactory;İ.Ş. also contributed by providing support for organization of graphics and general structure of the paper; H.C.K. analyzed the data and wrote the paper; B.K. contributed by supervising the research; N.G.P. contributed by overall technical suggestions through the research steps and also contributed to the writing of the final research paper.
